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Abstract: Phylogenetic diversity is a measure that can provide information about the history of 
diversification of a lineage and the events that shaped contemporary communities, as macroevolutionary 
processes leave marks on the relationships of the lineages. However, this approach has been applied 
primarily in studies on local scales, and rarely has been employed to analyze regional or continental 
patterns. Here we mapped spatial patterns that could identify regions of intense diversification or 
dispersion of the New World marsupials (order Didelphimorphia) by analyzing the spatial variation of 
species richness and phylogenetic diversity (PD). Based on the phylogeny and occurrences of the 
Didelphimorphia species we calculated three diversity measures, and applied a model selection by 
information criteria approach to identify the relative importance of four environmental determinants: 
potential evapotranspiration, productivity, topography, and the number of ecoregions. Species richness 
and PD are highly correlated, and both are associated to productivity, topography, and number of 
ecoregions, while relative PD (rPD) is associated to potential evapotranspiration and topography. 
Productivity showed a clear positive relation with species richness and PD, consistent with the productive 
energy, but rPD was affected by potential evapotranspiration, which points to a role of environmental 
energy in the process of diversification. This study is pioneer in testing and confirming effects of the 
productive and environmental energy on species diversification as other studies analyzing the same 
questions neither could isolate the effects of the two energy measurements due to their collinearity, nor 
did make any distinction between energy hypotheses. Physical geography and ecological differences 
among habitats can shape biogeographical patterns and drive speciation in continental faunas, leaving 
marks on their phylogenetic register. Comparing patterns among other autochthonous taxa whose 
evolutionary history and geographic range is congruent to the Didelphimorphia could provide interesting 
clues about the processes that shaped the diversification of Neotropical fauna. 
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The increase in species richness towards the 
tropics is one of the oldest and most general 
patterns in biogeography (Hawkins 2001) and has 
been recorded in virtually all major taxa in various 
geographic contexts or time periods (Willig et al. 
2003). Due its generality, many hypotheses have 
been proposed to explain this pattern (Pianka 1966, 
Willig et al. 2003, Fine 2015), but most of them are 
flawed as the hypothesized mechanisms are either 
too specific to explain such a general pattern of 
diversity (Willig et al. 2003), or lack of empirical 
evidence or still due to circular reasoning (Rohde 
1992). Nowadays, it is widely accepted that few 
factors are central in the generation and main-
tenance of this pattern (Willig et al. 2003, Fine 
2015), among them energy (Hawkins et al. 2003a), 
habitat heterogeneity (Kerr & Packer 1997), and 
higher tropical diversification (Mittelbach et al. 
2007, Fine 2015). Despite the importance of these 
factors, usually a considerable part of variation is 
not explained in the models (Rahbek & Graves 
2001), and the unexplained variation is generally 
attributed to macroevolutionary processes, such 
as dispersion and diversification (Hawkins et al. 
2003b), which leave marks on the phylogenetic 
relationships of the lineages (Fritz & Rahbek 2012). 
Phylogenetic diversity is a measure that can 
provide information about the history of diversi-
fication of a lineage (i.e., speciation minus extinc-
tions), and the events that shaped contemporary 
communities (Webb 2000, Webb et al. 2002, 
Weiblen et al. 2006). For example, if the 
phylogenetic diversity of a community reflects the 
number of lineages it contains, then a species-rich 
community which exhibits a low phylogenetic 
diversity apparently results from a large radiation 
of a few lineages. This suggests that the diversity in 
this region has an autochthonous origin and that 
other lineages of the same taxon were not 
successful in colonizing it or were extinct before 
they could diversify. Likewise, if a species-rich 
region presents high phylogenetic diversity, this 
may be due to the presence of many different 
phylogenetic lineages, and it is possible that 
occurred the colonization of multiple lineages, 
followed by their diversification (Davies & Buckley 
2011, Fritz & Rahbek 2012). 
 
The emergence of new ways of measuring 
biological diversity, such as phylogenetic diversity, 
has shed light on known patterns and at the same 
time has raised new questions about its structu-
ring mechanisms (Magurran 2004, Leibold et al. 
2010). Unlike species richness patterns, which has 
been a central topic of ecology for many years 
(Hawkins 2001, Magurran 2004), patterns of 
phylogenetic diversity are largely unknown due 
the (until recently) unavailability of comprehen-
sive phylogenies (Voskamp et al. 2017), but based 
on the mechanisms responsible for the hypotheses 
associated with species richness, it is possible to 
hypothesize the predominant diversification 
processes (Davies et al. 2007). However, this 
approach has been applied primarily in studies on 
local scales, and only recently it has been 
employed to analyze regional or continental 
patterns (Davies et al. 2007, Terribile et al. 2009, 
Kamilar & Guidi 2010, Fritz & Rahbek 2012, Fenker 
et al. 2014, Fergnani & Ruggiero 2017, Voskamp et 
al. 2017). Most of these studies are aimed at 
describing patterns of spatial variation in diversity 
measures, and only two of them (Davies et al. 2007, 
Voskamp et al. 2017) made explicit predictions 
about the ecological and evolutionary mecha-
nisms that may be acting in the origin and 
maintenance of the geographical patterns of 
phylogenetic diversity. 
The energy hypothesis, which has been 
employed with great success in the analysis of 
diversity gradients, has two main strands: 
environmental energy and productive energy 
(Hawkins et al. 2003b, Brown 2014). Environ-
mental energy (i.e., temperature and ultraviolet 
radiation) may affect mutation rates, and hence 
population speciation (Rohde 1992, Kaspari et al. 
2004, Evans & Gaston 2005) or may represent a 
physiological barrier, influencing extinction 
(Currie 1991). Productive energy (i.e., net pro-
ductivity) in turn predicts that more productive 
areas support more individuals, and that larger 
populations are then less prone to extinction 
(Evans et al. 2005a, 2005b), resulting in greater 
local diversity due to accumulation of species in 
an area. In either strand, it is expected a positive 
relation between energy and species richness 
(Brown 2014), but the productive energy 
hypothesis can also result in a hump-shaped 
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relationship depending on the spatial scale of the 
analysis (Mittelbach et al. 2001). Both energy 
hypotheses would predict a positive relationship 
to the phylogenetic diversity, but the mechanism 
underlying this increase is different for the two of 
them. The higher phylogenetic diversity associated 
to the environmental energy would be resultant of 
an increase in speciation rates, while the same 
pattern observed on the productive energy would 
be caused by reduced extinction of the lineages. 
In addition to energy, environmental hetero-
geneity also has been used to explain diversity 
patterns (Kerr & Packer 1997, Rahbek & Graves 
2001), being caused by factors, such as variation in 
topography, vegetation types, and vegetation 
structure over time (Davies et al. 2007, Melo et al. 
2009). According to this hypothesis, greater 
heterogeneity at mesoscale would allow the 
coexistence of more species due to different 
environmental requirements and interactions with 
other species (Leibold 1998, Leibold et al. 2004), 
and may be the result of processes that operate on 
ecological or evolutionary time scales, thus having 
different consequences on the phylogeny of the 
species of a given area. Processes on evolutionary 
time scales (e.g., vicariance) are associated with an 
increase in the rates of speciation of a few lineages, 
thus having a negative relation with phylogenetic 
diversity. Those which operate on ecological time 
scales (e.g., niche partition), on the other hand, are 
associated to a positive but weak relation to 
phylogenetic diversity, as different habitats are 
mostly coincident with independent phylogenetic 
histories of their respective communities (Davies 
et al. 2007). 
Here, our objective was to map spatial patterns 
that could identify regions of intense diversifi-
cation or dispersion of the New World marsupials 
(order Didelphimorphia), by analyzing the spatial 
variation of the residuals of the relation between 
species richness and phylogenetic diversity. Due 
the fact that marsupials originated in the Upper 
Cretaceous, have diversified throughout the 
Miocene, and have colonized North America only 
in the Pliocene (Astúa 2015), the Didelphimorphia 
underwent several geological events such as the 
rise of the Andes and the Atlantic mountain ranges, 
and the formations of the tropical forests and open 
vegetation of South America (Costa 2003, Giarla & 
Jansa 2014, Sobral-Souza & Lima-Ribeiro 2017), 
and some of these events must have left a register 
in their phylogeny. We also analyze the relative 
importance of energy hypotheses and environ-
mental heterogeneity on the spatial structuring of 




MATERIAL AND METHODS 
 
Data Collection 
Geographic distribution maps of Didelphimorphia 
species are available in digital format (IUCN 2012) 
compatible with ArcGIS 10. These maps were 
projected on a grid formed by hexagons of 12,100 
km² mounted on the American continent, and for 
each hexagon a list was produced with all 
occurrences of all 97 Didelphimorphia species. 
This grid was created using the equivalent 
cylindrical (Behrman) projection to avoid 
deformations in the represented area that could 
interfere in the diversity patterns. All hexagons 
with less than 50% of the area occupied by the 
continental surface were disregarded from the 
analysis in order to control the effects of area and 
island isolation on the diversity measures used. 
Based on these criteria, 3,098 hexagons were 
obtained on the surface of the American continent, 
of which 1,923 had at least one species of 
Didelphimorphia. 
Information on the phylogeny of 
Didelphimorphia was extracted from a consensus 
tree based on 100 randomly sampled trees 
obtained on Faurby & Svenning (2015). Species 
absent from the phylogeny but present in the list 
of species analyzed were included in the most 
basal node common to all genus. In the case of 
species added to monotypic genera, the genus was 
divided into two species and the division was 
established as half the length of the arm. 
Based on the phylogeny and occurrences of the 
Didelphimorphia species, three measures of 
diversity were calculated for each hexagon: (i) 
species richness; (ii) the phylogenetic diversity 
(PD), estimated on the basis of the PD index (Faith 
1992), which represents the sum of arm length in 
the portion of a phylogenetic tree containing all 
species in a given hexagon; and (iii) relative 
phylogenetic diversity (rPD), defined as the 
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diversity and species richness. This measure was 
calculated because the Faith’s PD index is strongly 
influenced by species richness (Schweiger et al. 
2008), and by removing its effect, the role of 
extinction and speciation processes on the 
diversification of a lineage tend to be evidenced 
(Davies et al. 2007, Fritz & Rahbek 2012). 
To analyze the effect of the environment on the 
diversity patterns, four variables were defined that 
represent different measures of energy or 
environmental heterogeneity. All variables were 
obtained from georeferenced databases available 
on the internet in an ArcGIS 10 compatible format 
and were redesigned to fit the hexagonal grid (see 
above). The four variables are: (i) potential 
evapotranspiration (PET), which represents the 
environmental energy hypothesis and was 
obtained from the Global Aridity and PET 
Database website (http://www.cgiar-csi.org/data/ 
global-aridity-and-pet-database); (ii) net primary 
productivity (NPP), which is a measure that 
represents the hypothesis of productive energy 
and was calculated from the sum of the monthly 
NPP maps on the NASA Earth Observatory System 
(http://neo.sci.gsfc.nasa.gov/Search.html); topo-
graphy (Topo), which represents the topographic 
heterogeneity of a region and was calculated as the 
standard deviation of the altitude measurements 
[obtained on the WorldClim website (http://www. 
worldclim.org/), with resolution of 30'' in each 
hexagon; and (iv) the number of ecoregions (Ecg) 
in each hexagon (Olson et al. 2001), which can be 




Congruence between species richness and phylo-
genetic diversity was assessed using a Pearson 
correlation with degrees of freedom correction 
(Clifford et al. 1989) to remove the effect of spatial 
autocorrelation. This analysis was performed by 
the SAM 4.0 software (Rangel et al. 2006). 
To identify the effect of environmental varia-
bles over diversity measures, 11 additive models 
were formulated based on all possible combina-
tions among the four environmental variables, 
except those that combined the two energy 
hypotheses in the same model (PET and NPP). In 
addition, a twelfth model was included as a null 
model, containing no environmental variables and 
formed only by the intercept. The modeling 
procedure was equal for species richness and PD, 
and only differed for rPD by the inclusion of 
species richness as covariate to all its models. 
Spatial filters were added as mandatory covariates 
to all models (including the null), in order to 
remove the spatial autocorrelation of the residues, 
as suggested by Diniz-Filho et al. (2008). These 
filters were generated by SAM 4.0 (Rangel et al. 
2006) through a Principal Coordinate Analysis, and 
only those filters with a spatial autocorrelation 
value (Moran’s I) greater than 0.1 were included in 
the analysis to avoid the "overcorrection" of the 
analysis (Diniz-Filho & Bini 2005). This way, 39 
filters were added to the models, which were 
sufficient to remove spatial autocorrelation in all 
distance classes. 
A model selection approach based on the 
Akaike information criteria (AIC) was adopted to 
identify those models with better fit to the data 
(Burnham & Anderson 2002). This approach 
proposes to compare a large number of models at 
a single time, and identify among those models 
the one that is the simplest and provides the best 
fit to the data simultaneously (Johnson & Omland 
2004), and it usually presents robust results 
regardless of the autocorrelation control method 
used (Diniz-Filho et al. 2008). The models were 
selected based on the Akaike criteria for small 
samples (AICc), and the best models were defined 
based on the ∆AICc values and Akaike weights (wi) 
as proposed by Burnham & Anderson (2002). 
Models with 0 < ∆i ≤ 2 were considered the most 
plausible, while ∆i > 10 models have essentially no 
empirical support (Burnham & Anderson 2002). 
The relative importance of the variables was 
determined by adding the Akaike weights of all the 
models in which the variable was present (w+). 
The average model parameters were obtained by 
weighting them by wi of the best models to obtain 
the best estimate of the relation between the 
predictor variables and response. Both regressions 
and calculation of AICc values were performed in 





Didelphimorphia species distribution extends 
from the eastern United States to southern 
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Argentina and Chile, with a strong spatial 
structuring in Didelphimorphia species richness, 
with the highest values recorded in the Peruvian 
Andes (N = 25 species) and Southeast Brazil (N = 
19 species), and the lowest (N = 1 species) recor-
ded in the extreme of its distribution (Figure 1a). 
PD was also strongly structured in space, with a 
pattern of variation broadly coincident with that of 
species richness (Figure 1b). The correlation of the 
two variables was positive and highly significant, 
even after the spatial autocorrelation was 
controlled (r = 0.982; dfcorr = 6.01; pcorr < 0.001). 
The rPD also presented spatial structure, but its 
pattern was different from that observed in the 
other measures of diversity: the lowest values were 
observed mostly in mountainous regions along the 
tropical Andes, from Ecuador to Bolivia, in the 
Venezuelan Tepuis, and in the Brazilian southeast, 
while their highest values were recorded either in 
the central portion of Brazil, spreading from the 
Cerrado to the limits of the Caatinga and 
southeastern Amazonia, or in the Guiana Shield, 
except the Tepui region (Figure 1c). 
A single model, composed of productivity, 
topography, and number of ecoregions, was 
pointed as the most plausible to explain the spatial 
variation of both species richness and PD (wi = 
1.000, for both variables) (Table 1). In both cases it 
was clearly detached from the following models (∆i 
= 31.40; wi = 0.000 and ∆i = 34.08; wi = 0.000, 
respectively), and the null models (∆i = 734.60; wi = 
0.000 and ∆i = 752.16; wi = 0.000, respectively), and 
was therefore the only model considered in the 
analysis of regression coefficients. For these two 
measures of diversity, the productivity and the 
number of ecoregions presented a positive 
relation, while the topography presented a 
negative relation. In neither case was potential 
evapotranspiration considered a plausible variable 
(Table 2). 
When the effect of species richness on the PD 
was taken into account, the importance of the 
variables changed (Table 1). Two models could be 
considered equally plausible to describe the 
variation of rPD, and both were clearly superior to 
the null model (∆i = 84.15; wi = 0.000). The first 
model consisted of potential evapotranspiration, 
topography, and the number of ecoregions (∆i = 
0.00; wi = 0.487), while the second model 
contained only potential evapotranspiration, and 
topography (∆i = 0.32; wi = 0.414). Potential evapo-
transpiration and topography presented high 
relative importance, while the number of ecore-
gions was less important, and productivity was 
negligible. Potential evapotranspiration was posi-
tively related to rPD whereas measures of environ-
mental heterogeneity (topography and number of 
ecoregions) were negatively related to it (Table 2). 
 
 
Figure 1. Distribution of observed Didelphimorphia (a) species richness, (b) phylogenetic diversity (PD), and (c) 
phylogenetic diversity relative to that expected from observed species richness (rPD) mapped to a 12,100 km² 
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Table 1. Performance of models predicting species richness, phylogenetic diversity (PD), and relative phylogenetic 
diversity (rPD) of Didelphimorphia based on four environmental determinants. Most plausible models are highlighted 
in bold. PET = potential evapotranspiration, NPP = net primary productivity, Topo = topography, Ecg = number of 
ecoregions. AICc = Akaike criteria for small samples, K = number of parameters of the model, wi = Akaike weights. All 
models include 39 spatial filters to account for spatial correlation, and all models of relative phylogenetic diversity 
include species richness as a mandatory covariate. 
 
Order Models ∆AICc K wi 
Species richness     
1 NPP + Topo + Ecg 0.00 44 1.000 
2 NPP + Ecg 31.40 43 0.000 
11 Null 735.60 41 0.000 
PD     
1 NPP + Topo + Ecg 0.00 44 1.000 
2 NPP + Topo 34.08 43 0.000 
12 Null 752.16 41 0.000 
rPD     
1 PET + Topo + Ecg 0.00 45 0.487 
2 PET + Topo 0.32 44 0.414 
3 NPP + Topo + Ecg 4.46 45 0.052 
4 NPP + Topo 4.68 44 0.047 
5 Topo + Ecg 18.75 44 0.000 
12 Null 84.15 42 0.000 
 
Table 2. Akaike weights (w+) and average slope estimate of the four environmental determinants calculated by models 
predicting species richness, phylogenetic diversity, and relative phylogenetic diversity of Didelphimorphia. PET = 
potential evapotranspiration, NPP = net primary productivity, Topo = topography, Ecg = Number of ecoregions. 
 
Variable w+ Average slope 
Species richness   
PET 0.000 - 
NPP 1.000 0.057 
Topo 1.000 -0.002 
Ecg 1.000 0.347 
PD   
PET 0.000 - 
NPP 1.000 0.702 
Topo 1.000 -0.028 
Ecg 1.000 4.405 
rPD   
PET 0.901 0.006 
NPP 0.099 - 
Topo 1.000 -0.007 





The strong relationship between species richness 
and phylogenetic diversity was already expected, 
given the influence of species richness on the PD 
index (Schweiger et al. 2008), and the spatial 
patterns of both diversity measures coincide with 
those already as described for other groups in the 
same region, such as World’s mammals (Schipper 
et al. 2008), amphibians (Fritz & Rahbek 2012), 
birds (Voskamp et al. 2017), and Neotropical 
vipers (Fenker et al. 2014). The rPD in turn presen-
ted a very distinct pattern of spatial variation, with 
low values observed in mountainous regions in the 
central Andes and southeastern Brazil, as observed 
in other studies (Davies et al. 2007, Davies & 
Buckley 2011, Fritz & Rahbek 2012, Voskamp et al. 
2017), and the highest values of rPD spreading 
from southeastern Amazonia to the Cerrado and 
Caatinga, contrary to what has been reported by 
almost all of these same studies, with the 
exception of Davies & Buckley (2011), with which 
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there is a partial congruence. Central Brazilian 
forests are an important part of the evolutionary 
history of Didelphimorphia, connecting the main 
blocs of South American tropical forest and acting, 
effectively, as a contact zone among these two 
biomes (Costa 2003). So, it is not surprising that 
the highest values of rPD are found around this 
region. 
All three measures of diversity had a strong 
positive relation with energy, but there was a 
difference between the energy measures regarding 
their importance to diversity measures. Producti-
vity showed a clear positive relation with species 
richness, as already demonstrated in other studies 
in the literature (Hawkins et al. 2003b, Davies et al. 
2007), and consistent with the hypothesis that 
more energy results in more individuals and 
consequently more species (Currie et al. 2004, 
Evans et al. 2005b), and the same was observed in 
relation to PD. But when the species richness 
effect was controlled, the influence of productivity 
on rPD disappeared and was replaced by potential 
evapotranspiration, which points to a role of 
environmental energy in the process of diversifi-
cation, possibly due an increase in speciation rates 
(Gillooly & Allen 2007, Brown 2014), caused by 
faster mutation rates and shorter generation times 
(Rohde 1992). This result contrasts with those 
presented by other authors who neither could 
isolate the effects of the two energy measurements 
due to their collinearity (Davies et al. 2007), nor 
did make any distinction between energy 
hypotheses (Voskamp et al. 2017). 
The heterogeneity variables presented more 
ambiguous results when compared to energy, as 
had been observed for birds of the world 
(Voskamp et al. 2017). The number of ecoregions 
presented strong positive relation both to species 
richness and PD, while the topography contra-
dicted what was expected by presenting a negative 
relation to these two measures. Although both 
variables are associated with the hypothesis of 
environmental heterogeneity, they represent its 
different aspects. The number of ecoregions can 
be interpreted as a measure of the number of 
habitat types in a region which, depending on the 
niche requirements of species, can determine the 
quantities of species that can coexist in mesoscale 
(Leibold et al. 2004, Braga et al. 2017). Topography, 
on its turn, is a measure of topographic hetero-
geneity that is generally correlated with several 
measures of environmental heterogeneity, such as 
climatic or vegetation types (Ruggiero & Hawkins 
2008, Melo et al. 2009). Thus, it can be used to 
describe both physical barriers to dispersal, and 
climatic gradients that may result in different 
types of habitat (Janzen 1967, McCain 2009, 
Zuloaga & Kerr 2017). 
The relationship between heterogeneity and 
species richness has been known for several 
decades (Klopfer & MacArthur 1960, August 1983) 
and its positive effect on PD had already been 
observed by Davies et al. (2007) for the world's 
Psittacidae. This way, the observed result between 
the number of ecoregions and both measures of 
biological diversity of Didelphimorphia is within 
what was expected. Similarly, the relationship 
between topography and species richness has 
been described as generally positive (Hawkins et al. 
2003a, Ruggiero & Kitzberger 2004, Davies et al. 
2007), which is contrary to what we observed in 
this study with the Didelphimorphia. As 
topography is a complex variable which can be 
used as a proxy to several ecological or 
biogeographical processes, it is possible that, 
when controlling for the effect of the number of 
ecoregions on richness and PD, topography 
becomes negatively related to these two measures, 
suggesting that Didelphimorphia is more associa-
ted with the environmental heterogeneity 
represented by vegetation types (number of 
ecoregions) than to mountain climatic gradients. 
When the species richness effect over PD was 
removed, the number of ecoregions lost impor-
tance within the models, unlike topography, which 
remained as an important and negatively related 
variable. The negative relation between topogra-
phy and rPD is already well known (Davies et al. 
2007, Fritz & Rahbek 2012, Voskamp et al. 2017), 
and usually is a result of some type of barrier to 
colonization by other lineages, or of a process of 
vicariance within the region (Davies & Buckley 
2011). The diversification of the small mammals 
fauna of the South American mountains seems to 
have been an event both a rapid and recent, 
having occurred in late Miocene (Patterson et al. 
2012), and events of this type, of rapid 
diversification of few lineages, tend to result in low 
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Physical geography and ecological differences 
among habitats can shape biogeographical 
patterns and drive speciation in continental 
faunas (Giarla & Jansa 2014). South American 
biogeographical history is complex, with the 
emergence of large mountain ranges and the 
repeated expansions and contractions of forests 
and formations open throughout the Cenozoic 
(Safford 1999, Patterson et al. 2012, Leite et al. 
2016, Sobral-Souza & Lima-Ribeiro 2017). Many of 
these events have affected the radiation of 
Didelphimorphia lineages, as the cyclic 
expansion-contraction of tropical forests (Costa 
2003, Leite et al. 2016) and open areas (Giarla & 
Jansa 2014), and the rise of the Andes (Patterson et 
al. 2012), leaving marks on their phylogenetic 
register. Comparing these patterns with those of 
other autochthonous taxa whose evolutionary 
history and geographic range is congruent to the 
Didelphimorphia could provide interesting clues 
about the processes that shaped the diversification 
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